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Abstract Qilu vacuum residue with Ni + V content of 120 ppm and Ca content of 40 ppm, is hard

to process for fixed bed hydrocracking technology. In this work, solvent deasphalting process was

used as a pretreatment for processing Qilu vacuum residue, and the yield of deasphalted oil could be

up to 48.3 %, with less metal (Ni + V + Ca < 15 ppm) and asphaltene (<0.1 %) in deasphalted

oil. The n-butane solvent in solvent deasphalting (SDA) process had higher selectivity for HC class,

and correspondingly the relative abundance of HC class of deasphalted oil (DAO) was much higher

than that of deasphalted oil (DAO). The abundance of DAO was higher than that of DOA when

double bond equivalent (DBE) < 14 or carbon number (CN) < 46, and the relative abundance of

SDA1-DOA was higher than that of SDA2-DOA when DBE < 20 or CN < 46. Deoiled asphalt

was taken as the feed of slurry-phase hydrocracking (SHC) process, and the conversion ratio of

deoiled asphalt in slurry-phase hydrocracking process could be more than 80 % for 240 min reac-

tion. The conversion ratios of SDA1-DOA for SHC1-120 min and SHC1-240 min reactions were

66.92 % and 81.64 % respectively, and the conversion ratios of SDA2-DOA for SHC2-120 min

and SHC2-240 min reactions were 70.19 % and 85.71 % respectively. Sulfur species and asphaltene

changing rules at molecular level were determined to evaluate DOA’s slurry-phase hydrocracking

process.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Vacuum residue (VR) is a distillate with the most complex structure

and the largest polarity and the highest boiling point in petroleum,

and VR contains a large number of heteroatoms such as sulfur, nitro-

gen, oxygen and heavy metals with various binding forms (León et al.,

2020). In recent years, with the deterioration of vacuum residue qual-

ity, increasingly stringent environmental protection requirements and

increasing light oil market demands, vacuum residue hydrogenation

lightening technology has been paid more and more attention and is

becoming a hot topic in the global oil refining industry (León et al.,

2020; Sahu et al., 2015; Prajapati et al., 2021).
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Table 1 Feedstock properties of QLVR.

Items QLVR Methods

Density(20 �C)/(kg/m3) 1013 GB/T 13,377

Residue carbon/% 18.24 GB/T17144

w(Elements)/%

w (C)/% 84.82 SH/T 0656

w (H)/% 10.77 SH/T 0656

w (S)/% 2.85 GB/T 17,040

w (N)/% 0.84 SH/T 0704

w(C7-Asphaltene)/% 5.8

w (metal)/(mg/g) SH/T 0715

Ca 40

Ni 60

V 60

Fe 19

greater than524 �C fractions/% �94 ASTM D 7169
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Slurry-phase hydrocracking technologies have great potential in

the field of vacuum residue processing with high asphaltene content

and impurities in the feed, and also have high feed conversion ratio

and relatively green process (Bellussi et al., 2013; Manek and

Haydary, 2019). In the long run, the technologies for deep conversion

of inferior vacuum residue have wide application prospects (León

et al., 2020; Sahu et al., 2015). It is urgent to develop effective process-

ing technology for inferior vacuum residue. In nowadays, research on

slurry-phase hydrocracking processes is very active. Although there are

now more than 10 such technologies some of which are in pilot stage

and some of which have already developed industrialized application

(Zhang et al., 2007), the popularized application of the technology is

still challenging for economic and long-term operation. The academic

research focuses on catalyst and technology optimization and control.

Improvement of the performance of catalyst was on the top prior-

ity to improve the economic benefit and make the process

environmental-friendly (Nguyen et al., 2016). An oil-soluble MoS2 cat-

alyst precursor was successfully synthesized by a simple method and

the target catalyst exposed more active sites and showed much

improved efficiency in VR slurry-phase hydrocracking process (Liu

et al., 2019 a,b). It was investigated that Mo, Ni, or Co precursors

showed different oxidation state and oil solubility in VR slurry-

phase hydrocracking process (Kim et al., 2018). The general trends

in operating pressure and corresponding reaction performance implied

that reduction of catalyst particle size would lead to the lower opera-

tional pressure (Shekarriz et al., 2016). Li et al. studied on the influence

of catalyst dosage on coke formation for slurry-phase hydrocracking

process (Li et al., 2020).

Lim et al. studied the effect of reaction time and temperature on the

products and the asphaltene dispersion stability in a slurry-phase

hydrocracking process (Lim et al., 2018), and the effects of the initial

hydrogen pressure and temperature on the isomerization reaction in

slurry-phase hydrocracking process were systematically studied (Du

et al., 2015). Du et al. studied the structure, composition, and colloidal

stability of hydrocracking products at various hydrogen pressures to

investigate the role of hydrogen pressure in slurry-phase hydrocracking

process (Du et al., 2015). Pham et al. studied the kinetic models for

slurry-phase hydrocracking process using dispersed catalyst for a range

of liquid hourly space velocities of 0.25–1 hr-1 and reaction tempera-

tures of 410–450 �C (Pham et al., 2021). The VR slurry-phase hydroc-

racking process in the presence of dispersed MoS2 catalyst followed

parallel reaction pathways in the formation of lighter oils as main

products, which were strongly governed by operating conditions such

as reaction time, reaction temperature and initial H2 pressure (Kim

et al., 2017). Coke formation is another critical issue, and until now,

the knowledge that relates to is still very limited. Feeds containing high

molecular weight species and many impurities of heteroatom-

containing organic compounds could lead to relatively quick fouling

and deactivation of catalysts during conventional ebullated-bed or

fixed-bed hydrocracking process, and slurry-phase hydrocracking pro-

cess in the presence of the oil-dispersed catalyst has the ability to over-

come these drawbacks through the enhancement of hydrogenation

reactions (Nguyen et al., 2016; Al-Attas et al., 2019). The coke forma-

tion behavior of coal tar atmospheric residue during slurry-phase

hydrocracking process had been studied, and the results showed that

coal tar atmospheric residue with higher asphaltene content could pro-

duce little cokesur under the optimized conditions (Deng et al., 2016).

Asphaltene dispersion stability and sediment formation for a slurry-

phase hydrocracking reaction of vacuum residue was investigated with

changes of liquid hourly space velocities (0.20–0.45 hr�1), temperatures

(405–435 �C), and pressures (80–180 bar) in a bench-scale continuous

reactor (Lim et al., 2020).

Vacuum residue’s slurry-phase hydrocracking process is a hot

topic, while academic research and industrial application are still on

the way. Qilu vacuum residue (Abbreviation for QLVR, provided by

SINOPEC Qilu Petrochemical Corporation) with relatively higher

metal (Ca, Ni, V) content, is hard to process for fixed-bed hydrocrack-

ing technology. In this work, solvent deasphalting (SDA) process was
used as a pretreatment, the corresponding DAO could be treated as the

feed of fluid catalytic cracking (FCC) (Zhang et al., 2007). The corre-

sponding DOA could be taken as the feed of slurry-phase hydrocrack-

ing (SHC) process, compared to VR as the feed, which can greatly

decrease the scale of SHC process. Optimized SDA and SHC test con-

ditions were carried out to ensure QLVR in this process with high con-

version ratio, and further molecular level analysis for the feed and

products were determined to evaluate the SDA and SHC process. Fur-

thermore, there was no systematic study on DOA’s slurry-phase

hydrocracking process, and this work could give a preliminary

exploration.

2. Experimental parts

2.1. Chemicals

Toluene and n-heptane (short for heptane) were at least 99 %

purity, purchased from Sinopharm Chemical Reagent Co., ltd.
n-butane with the purity of at least 99 % was supplied by
Zhongwei Fine Chemical Co., ltd.

2.2. Feed properties

It can be seen from Table 1 that QLVR was a typical vacuum
residue, the asphaltene (C7-Asphaltene) content was 5.8 %

and the residual carbon value was 18.24 %. The proportion
of greater than 524 �C fractions was about 94 %, and the metal
content of Ca + Ni + V was more than 150 mg/g.

2.3. Asphaltene

The asphaltenes in this work were determined using the stan-

dard ASTM D6560 (IP143/01) method. The samples were
mixed with a certain proportion of heptane, and then the mix-
ture were heated under reflux. The precipitated waxy sub-
stances, asphaltenes, and inorganic materials were collected

on a filter paper. The waxy substances were further removed
by washing with hot heptane, and then the asphaltenes were
extracted from inorganic materials and asphaltenes mixture

by refluxing toluene. After evaporating most toluene from
the toluene extracts, the remaining toluene extracts were dried
in a vacuum oven until there was no further mass change.
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2.4. X-ray photoelectron spectroscopy (XPS) analysis

All the XPS experiments were performed on a Thermo Fisher
ESCALAB 250Xi spectrometer using a 150 W monochromatic
Al Ka source to provide chemical states and quantitative

information on the sample surface. The pass energy of narrow
scan was set at 30 eV to obtain high-resolution spectra, and the
binding energies were referenced to the C1s line at 284.8 eV
from adventitious carbon. Avantage software was used to fit

the sulfur spectra. Noteworthy, in the S 2p spectrum, the same
type of sulfur appeared as a pair of splitting peaks which were
S 2P3/2 of the main peak and S 2p1/2 of the accompanying

peak. The double split peak method was used to fit the S 2p
spectrum.

2.5. Fourier transform ion cyclotron resonance mass
spectroscopy (FT-ICR MS) analysis

The samples were dissolved in toluene (HPLC grade, Fisher

Chemical, distilled prior to use) and diluted to 0.2 � 0.5 mg/
mL for FT-ICR MS analysis. The sample solutions were ana-
lyzed by a 15 Tesla Bruker SolariX XR FT-ICR MS spectrom-
eter with a positive APPI source. The chemical formulas

(CcHhOoNnSs) were calculated according to the m/z values,
with<1 ppm relative error. The double bond equivalent was
calculated by the equation DBE = c + n/2 � h/2 + 1 (c, n,

and h were the numbers of the carbon, nitrogen, and hydrogen
atoms in the chemical formulas). DBE is a method of calculat-
ing unsaturation degree for molecules with known chemical

formulas, and it indicates a number of rings plus double bonds
to carbon (Mikhaylova et al., 2022; Pinto et al., 2022). DBE
method is a better method for determining the unsaturation
degree of different species in this work, but this method could

give wrong values for complex organic molecules containing
Fig. 1 Schematic diagram of solve
multiple elements with different valence states (Mikhaylova
et al., 2022; Pinto et al., 2022).

2.6. Solvent deasphalting test

1, feed tank; 2, feed pump; 3, feed preheating furnace; 4,
extraction tower; 5, deasphlated oil (DAO) preheating furnace;

6, deoiled asphalt (DOA) preheating furnace; 7, DAO flash
column; 8, DOA flash column; 9, DAO collection system;
10, DOA collection system; 11, light oil buffer tank; 12, solvent

condenser; 13, solvent tank; 14, solvent pump.
QLVR was firstly pretreated by SDA process, and the sche-

matic diagram of the experimental apparatus presented in

Fig. 1. The main steps are as follows:
(1) Pressure setting: after gas tightness test and nitrogen

replacement, put a certain amount of solvent into the device,
and then control the flow by adjusting the solvent pump. When

the device pressure reaches the setting value, adjusting the sol-
vent pump to ensure that the flow value was required; (2)
Feeding: after the system is heated to the required temperature,

adjust the vacuum residue flow through the vacuum residue
pump to ensure the solvent to oil ratio; (3) Product collection:
the heavy and light components are separated in the extraction

tower to obtain DOA and DAO. DOA is discharged from the
DOA flash tower, and DAO and solvent is separated in DAO
flash column by reducing the pressure; (4) Material balance:
The optimized separation conditions (temperature, pressure,

solvent/oil ratio) are carried out to ensure the separation effi-
ciency, and the criterion of material balance is there is no
DOA and DAO yields change.

The test conditions were shown in Table 2: solvent, n-
butane; extraction temperature of SDA1, 125–135 �C; extrac-
tion temperature of SDA2, 113–123 �C; pressure, 4.0 MPa;

and volume ratio of solvent/oil, 6:1.
nt deasphalting (SDA) process.



Table 2 Solvent deasphalting pilot test operating conditions.

The test number SDA1 SDA2

Processing parameters

Residence time/min � 30 � 30

Solvent n-butane n-butane

volume of solvent-oil ratio � 6 � 6

Extraction temperature/℃ 125–135 113 � 123

Extraction pressure/MPa 4.0 4.0
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2.7. Slurry-phase hydrocracking test

All the slurry-phase hydrocracking tests were conducted in a
batch-type autoclave with a volume of 1.8 L. Slurry-phase
hydrocracking reactions were carried out under the following

conditions: SDA1-DOA and SDA2-DOA as the feed,
2500 ppm dispersed molybdenum catalyst, initial hydrogen
pressure of 9.5 MPa, reaction temperature of 430 �C, stirring
speed of 500r/min, and reaction time of 120 min or 240 min
respectively.

3. Results and discussion

3.1. Product distribution and properties for solvent deasphalting
process of QLVR

3.1.1. Product distribution and upgrading results for solvent
deasphalting process

All the property data were analyzed at least two times till
the parallel of the assay was quite well. For SDA1 test, it can

be seen from the Table 3 that the yield of DAO was 32.1 %
and the corresponding yield of DOA was 67.9 %. If decreasing
the extraction temperature (Cao et al., 2010), the yield of DAO

for SDA2 test was increased to 48.3 % and the corresponding
yield of DOA was reduced to 51.7 %. It can be seen from
Table 3 Solvent deasphalting pilot test results.

SDA results

Items SDA1 SDA2

DAO yield /% 32.10 48.30

Properties of DAO

Items SDA1-DAO SDA2-DAO Methods

Elements

C/wt% 85.16 85.47 SH/T 0656

H/wt% 12.18 11.96 SH/T 0656

S/wt% 1.45 1.63 GB/T 17,040

N/wt% 0.38 0.44 SH/T 0704

Ni/ppm 7.0 8.9 SH/T 0715

V/ ppm 2.4 3.4 SH/T 0715

Ca/ppm 0.3 0.6 SH/T 0715

w (Asphaltene)/% < 0.1 < 0.1

Properties of DOA

Items SDA1-DOA SDA2-DOA

Elements

C/wt% 84.52 84.21 SH/T 0656

H/wt% 10.08 9.68 SH/T 0656

S/wt% 3.51 4.01 GB/T 17,040

N/wt% 1.06 1.21 SH/T 0704
Table 3 that the hydrogen content of SDA1-DAO was slightly
higher than that of SDA2-DAO (12.18 % vS 11.96 %), with
the opposite trend for S and N content. The hydrogen content

of SDA1-DOA was higher than that of SDA2-DOA (10.08 %
vS 9.68 %), with the opposite trend for S and N content. DAO
has much higher hydrogen and much lower metal and asphal-

tene content than that of DOA, which could prove the high
separation efficiency for SDA process.

It can be seen from Table 3, in DAO the metal content for

Ni + V + Ca was<15 ppm and the asphaltene content
was<0.1 %. DAO could be good feedstock for FCC or hydro-
cracking process, and the DOA could be taken as the feed of
slurry-phase hydrocracking process in this work.

3.1.2. FT-ICR analysis of DAO and DOA derived from solvent
deasphalting process

FT-ICR MS is an effective method (Li et al., 2021; Chacón-
Patiño et al., 2020) to characterize the heavy oil even for the
heaviest fractions rich in asphaltenes. As illustrated in Fig. 2,
typical aromatic compounds including HC, S1, S2, S3, N1,

O1, et al. classes were detected by FT-ICR MS (Chacón-
Patiño et al., 2020; Hsu et al., 2011; Wang et al., 2016). Rela-
tive abundance of HC and S1 classes of DAO was much higher

than that of DOA, which could prove HC and S1 classes with
lower polarity have higher selectivity in solvent extraction for
SDA process. Relative abundance of HC and S1 classes of

SDA1-DAO was a little higher than that in SDA2-DAO,
which could prove SDA1 test have higher selectivity for HC
and S1 classes with lower polarity than that of SDA2 test in

solvent extraction for process.
The comparisons of DBE distribution of HC class species

of DAO and DOA were illustrated in Fig. 3. As seen in
Fig. 3, in all DAO and DOA, the DBE of HC class species dis-

tributed in a broad range of 4 � 29 for DAO and 4 � 36 for
DOA, with corresponding distribution centers at 8–12 for
DAO and 10–19 for DOA respectively. The relative abundance

of DAO was much higher than that of DOA when DBE < 14,
with the opposite trend for DBE greater than 14. The relative
abundance of SDA1-DAO was also higher than that of SDA2-
Fig. 2 The aromatic species of SDA1-DAO and SDA1-DOA by

FT-ICR MS.



Fig. 3 DBE distribution of HC class species of DAO and DOA

by FT-ICR MS.

Fig. 4 HC compounds of SDA1-DOA and SDA2-DOA with DBE

adjusted by its absolute HC content, and the skeletons are shown onl
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DAO when DBE < 14, with the opposite trend for DBE � 14.
The relative abundance of SDA1-DOA was higher than that of
SDA2-DOA when DBE < 20, with the opposite trend for

DBE � 20.
As seen in Fig. 3, the abundance of SDA1-DOA was higher

than that of SDA2-DOA when DBE < 20, with the opposite

trend for DBE � 20. The most abundance HC classes were
located at DBE = 10–19, and the adjusted relative abundance
as a function of CN for HC class species with DBE = 10, 13,

16 and 19 was illustrated in Fig. 4. For both SDA1-DOA and
SDA2-DOA, the CN distribution was centered at 45 � 46, and
the relative abundance of HC class species of SDA1-DOA
shows a little higher around the CN center at 45 � 46 than that

of SDA2-DOA.
The comparisons of CN distribution of HC class species of

DAO and DOA were illustrated in Fig. 5. As seen in Fig. 5, in

all DAO and DOA, the HC class species distributed in a broad
range of CN (28 � 73), with corresponding distribution centers
at 42–47. The relative abundance of DAO was higher than that

of DOA when CN < 46, with the opposite trend for CN � 46.
The relative abundance of SDA1-DAO was also higher than
that of SDA2-DAO when CN < 45, with the opposite trend
= 10, 13, 16, and 19 distribution. The relative abundance was

y for illustrative purposes.



Fig. 5 CN distribution of HC class species of DAO and DOA by

FT-ICR MS.
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for CN � 45. The abundance of SDA1-DOA was also higher
than that of SDA2-DOA when CN < 46, with the opposite
trend for CN � 46.

It can be concluded that the SDA process in this work not
only can obtain different DAO and DOA yields but also
obtain measurably different DAO and DOA properties. The

n-butane solvent in SDA process has higher selectivity for
HC class, and correspondingly the relative abundance of HC
class of DAO was much higher than that of DOA. The abun-

dance of DAO was higher than that of DOA when DBE < 14
or CN < 46. The relative abundance of SDA1-DAO was
higher than that of SDA2-DAO when DBE < 14 or

CN < 45. The relative abundance of SDA1-DOA was higher
than that of SDA2-DOA when DBE < 20 or CN < 46.

3.2. Slurry-phase hydrocracking process for DOA and VR

3.2.1. Product distribution and upgrading results for DOA and

VR in slurry-phase hydrocracking process

Taking the conversion ratio and the stability control into
account, the operating parameters listed in Table 4 were taken
in SHC process. The distillation range of the products were

obtained by ASTM D7169 method. The conversion depth
Table 4 Product distribution and upgrading results for DOA in SH

Items SHC1-120 min SHC

Reaction time/min 120 240

Initial pressure/MPa 9.5 9.5

Feed SDA1-DOA SDA

Products/%

Gas 8.66 10.80

naphtha(IBP � 180 �C) 7.91 11.02

AGO(180–350 �C) 22.10 30.79

VGO(350–524 �C) 28.25 29.03

Residue( ＞ 524 �C) 33.08 18.36

Total/% 100.00 100.0

CRSHC /% 66.92 81.64
for each experiment could be evaluated by CRSHC in Equation
(1).

CRSHC ¼ 100 � YResidue
SHC ð1Þ

CRSHC represents the conversion ratio of DOA in slurry-

phase hydrocracking reaction, %. Yx
SHC in this work represents

the yield of � in slurry-phase hydrocracking process, %. The

CRSHC of SDA1-DOA for SHC1-120 min and SHC1-
240 min reactions were 66.92 % and 81.64 % respectively,
and the CRSHC of SDA2-DOA for SHC2-120 min and

SHC2-240 min reactions were 70.19 % and 85.71 % respec-
tively. Under the same experimental conditions, the reaction
time has a great influence on the conversion, and the longer

the reaction time was, the higher conversion ratio could be.
The conversion ratio of DOA could be more than 80 % for
240 min reaction.

3.2.2. Comparisons of product distribution and upgrading results
for different DOA in slurry-phase hydrocracking process

There is an interesting phenomenon that under the same exper-

imental conditions, heavier DOA has higher CRSHC in SHC
process. The CRSHC of SDA2-DOA was higher than that of
SDA1-DOA for 120 min and 240 min reactions respectively,
while SDA2-DOA has lower H content than that of SDA1-

DOA. Because dispersed catalysts in slurry-phase hydrocrack-
ing process is lack of acidic sites for cracking (Kang et al.,
2021; Cui et al., 2021), slurry-phase hydrocracking process still

follows the mechanism of free radicals (Du et al., 2015).
Hydrocarbons are decomposed through thermal cracking by
free radicals because dispersed catalyst shows no catalytic

function for CAC cleavage (Kang et al., 2021), so the conver-
sion from heavy oil to light products is driven by thermal
cracking. During this reaction, H2 molecule splits to hydrogen
free radicals through homolytic and heterolytic ways on dis-

persed catalysts, and those hydrogen free radicals could
quench with macromolecular free radicals (Zhang et al.,
2008; Du et al., 2015). This process can greatly inhibit sec-

ondary radical reactions that lead to the formation of coke
precursors and gases (Prajapati et al., 2021; Kang et al., 2021).

In slurry-phase hydrocracking process, the macromolecules

convert to smaller molecules by hydrogenlysis and side-chain
breaking (Ortiz-Moreno et al., 2012). The bond energy of
CAS is much lower, and sulfur can abstract H from hydrocar-

bon molecule to form free radicals even at a lower temperature
(Nguyen et al., 2021; Chang et al., 2001). Sulfur was an effec-
C process.

1-240 min SHC2-120 min SHC2-240 min

120 240

9.5 9.5

1-DOA SDA2-DOA SDA2-DOA

9.10 11.40

9.00 12.01

23.45 32.79

28.64 29.51

29.81 14.29

0 100.00 100.00

70.19 85.71



Fig. 6 XPS spectra curve-resolution of S in SDA1-DOA (left) and SDA2-DOA (right).
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tive free-radical initiator to enhance the reaction (Chang et al.,
2001).

As seen in Table 3, S content of SDA2-DOA was higher
than that of SDA1-DOA. For further analyzing sulfur species
and distribution, XPS spectra were recorded as seen in Fig. 6

and Table 5, and the sulfur functional groups contain alkyl sul-
fur and thiophene sulfur and sulfur oxide (Wang et al., 2021).
SDA2-DOA had higher sulfur content but a little lower thio-

phene sulfur content than that of SDA1-DOA, which could
be the reason that SDA2-DOA had higher conversion ratio
under the same reaction conditions. As illustrated in Fig. 2,

the sum of S-containing structures (S1, S2, S3, S1O1, S1O2,
S1O3, S1O4, N1S1, and N1S1O1) of SDA2-DOA was a little
lower than that of SDA1-DOA, which could give an indirect
identification of lower thiophene sulfur content for SDA2-

DOA.

3.2.3. Stability analysis for DOA in slurry-phase hydrocracking

process

mTot means total mass of the feed.

YAsp
SHC ¼ mAsp=mTot � 100% ð2Þ

YTI
SHC ¼ mTI=mTot � 100% ð3Þ
Coking resulting from asphaltene precipitation is still one

of the biggest concerns in heavy oil processing industry and
causes equipment blocking and catalyst deactivation (Wiehe,

et al., 2000; Wiehe, et al., 2001; Xu, 2018; Wang et al., 2009;
Liu et al., 2019); and toluene insoluble (TI) content obtained
by GB/T2292 method is an important coking index for SHC

process. As seen in Table 6 for SDA1-DOA, YTI
SHC increased
Table 5 S occurrence form and content.

Element peak functionalities SDA1-DOA SDA2-DOA

S 2p alkyl sulphides 45.88 % 47.59 %

thiophenes 39.20 % 35.99 %

sulfoxides 14.92 % 16.42 %
to 2.39 % from 1.62 % and YAsp
SHC decreased to 1.18 % from

4.13 % when reaction time increased to 240 min from

120 min respectively. For SDA2-DOA, YTI
SHC increased to

3.10 % from 2.14 % when reaction time increased to
240 min from 120 min respectively, with opposite trend for

YAsp
SHC. The overall conversion of asphaltene decomposition

including coke formation has been found to follow first-

order reaction (Phama et al., 2020), and the quantity and qual-
ity of asphaltenes play main factor for coke formation in resi-
due hydroprocessing (Almutairi et al., 2007). The quality of

asphaltenes of SDA1-DOA and SDA2-DOA was the same,
but the quantity of asphaltenes followed the order SDA2-D
OA > SDA1-DOA. SDA2-DOA (C7-Asphaltene% =
11.1 %) had higher asphaltene content than that of SDA1-

DOA (C7-Asphaltene% = 8.5 %), which could be the main
reason that SHC2-120 min and SHC2-240 min reactions have

higher YTI
SHC than that of SHC1-120 min and SHC1-240 min

reactions respectively.

Except for the quantity of YAsp
SHC and YTI

SHC, it’s important to

investigate asphaltene structure changing rules in high conver-

sion process to evaluate the reaction. The comparisons of
asphaltenes analyzed by FT-ICR MS were illustrated in
Fig. 7. As illustrated in Fig. 7, typical aromatic compounds

including HC, S-containing, O-containing, and N-containing
structures of secondary asphaltenes were detected, and N1
compounds were the most abundant aromatic compounds

and had the most significant increase with increasing the reac-
tion time. Furthermore, the organic nitrogen compounds pre-
sent in the feed in hydrocracking process, act as gum and coke
precursors that cause asphaltene precipitation and catalyst
Table 6 Asphaltene and TI yields for DOA in SHC process.

Items YAsp
SHC/% YTI

SHC/%

SHC1-120 min Reaction 4.13 1.62

SHC1-240 min Reaction 1.18 2.39

SHC2-120 min Reaction 6.68 2.14

SHC2-240 min Reaction 2.04 3.10



Fig. 7 The aromatic species of the different asphaltenes by FT-

ICR MS.

Fig. 9 DBE distribution of N1 compounds of different

asphaltenes.
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inhibition and deactivation (Sau, et al., 2005; Liu, et al., 2012;
Bello et al., 2021) DBE versus CN distributions of aromatic

N1 compounds of asphaltenes were shown in Fig. 8, and the
size of the bubble indicates the relative abundance of the com-
Fig. 8 DBE vS carbon number distribution of ar
pound. For those asphaltenes, the carbon number distribution
varied from about 30 to 70, and the DBE distribution varied
from about 15 to 45. The size of the center got smaller, which

could be derived from lighter components or coke formation
by asphaltene conversion. For further analyzing the asphaltene
omatic N1 compounds of different asphaltenes.
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structure, DBE distribution of N1 compounds of different
asphaltenes was shown in Fig. 9. As a result, in all asphaltenes,
the N1 class species distributed in a broad range of DBE

(15 � 40), with corresponding distribution centers at 26–31.
When DBE greater than 31, the relative abundance of N1 com-
pounds followed the order SHC2-240 min-Asp > SHC1-240

min-Asp, which agreed with the trend for TI yields.

4. Conclusions

With optimized operating conditions, the yields of DAO were 32.1 %

and 48.3 % for SDA1 and SDA2 tests respectively. The metal content

for Ni + V + Ca was<20 ppm and the asphaltene content

was<0.1 % in DAO. DAO could be good feedstock for FCC or

hydrocracking process, and the DOA could be taken as the feed of

slurry-phase hydrocracking process. SDA process for QLVR had great

efficiency to obtain different yields and properties of DAO and DOA

respectively. The n-butane solvent in SDA process had higher selectiv-

ity for HC class, and correspondingly the relative abundance of HC

class of DAO was much higher than that of DOA. The abundance

of DAO was higher than that of DOA when DBE < 14 or

CN < 46, and the relative abundance of SDA1-DOA was higher than

that of SDA2-DOA when DBE < 20 or CN < 46.

DOA was taken as the feed of slurry-phase hydrocracking process,

and the conversion ratio of deoiled asphalt in slurry-phase hydrocrack-

ing process could be more than 80 % for 240 min reaction. The conver-

sion ratios of SDA1-DOA for SHC1-120 min and SHC1-240 min

reactions were 66.92 % and 81.64 % respectively, and the conversion

ratios of SDA2-DOA for SHC2-120 min and SHC2-240 min reactions

were 70.19 % and 85.71 % respectively. SDA2-DOA had higher sulfur

content but a little lower thiophene sulfur content than that of SDA1-

DOA, which could be the reason that SDA2-DOA had higher conver-

sion ratio under the same reaction conditions. The relative abundance

of N1 compounds followed the order SHC2-240 min-Asp > SHC1-

240 min-Asp when DBE> 31, which agreed with the trend of TI yields

. Thosemethods in solvent deasphalting and slurry-phase hydrocracking

process in this work can play a good guidance role in vacuum residue

processing.
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